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Résumé — This work aims at studying new topology optimization methods for 3D printed eco-optimized
structures. The first step consists in the validation of the extension of bidimensional optimization of topo-
logy and fiber orientations so that it can be used in three dimensions. The complete optimization was then
performed considering both mechanical performance and environmental impact, showing the potential
advantages of natural fibers in aerostructures.
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1 Introduction

The accelerated development of 3D printing technology has allowed the evolution of the existing
methods for structural design, making viable the extensive use of topology optimization, for example.
Composite materials are also becoming of great importance in the aerospace industry, and materials of
natural origin are as well subject of this study, with the goal of building efficient eco-optimized structures.

For isotropic optimizations, the material choice can be decoupled from the topology optimization
[1, 2]. However, the mechanical properties of anisotropic materials influence the final geometry obtained,
so that the optimization has to be done simultaneously to the material choice. The objective of this work
is to study the use of topology optimization to design 3D printable thin structures while taking into
account the environmental impact along with the mechanical performance.

2 Literature Review

2.1 Solid Isotropic Material with Penalization (SIMP)

Solid Isotropic Material with Penalization (SIMP) is a finite element-based method for topology
optimization. For each element, a density value p, within the range from O (void element) to 1 (filled ele-
ment) is assigned. To enforce the convergence to a predominantly 0/1 configuration (the only physically
feasible values, there is no intermediate material), the material properties for each element are obtained
from a power-law interpolation, i.e. dependent on p?, where p is a penalization factor (typically p = 3).

A topology optimization problem where the objective is to minimize the compliance ¢ can be written
as (1) [3], where U and F are the global displacement and force vectors, respectively, K is the global
stiffness matrix, u, and k. = p% ko are the element displacement vector and stiffness matrix, respectively,
p is the vector of design variables, P, is the minimum relative density (non-zero to avoid singularity),
V(p) and Vj are the material volume and design domain volume, and f is the prescribed volume fraction.
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To avoid the appearance of checkerboard patterns and to ensure the mesh-independence of the result,
the element sensitivities are filtered by a linear decaying convolution filter (2), where r, is a fixed filter



radius and A(e, i) is the distance operator between the centers of elements e and i.
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2.2 Continuous Fiber Angle Optimization (CFAQ)

For a given domain, the determination of fiber orientations can be performed using various ap-
proaches. A method that emerged is the Discrete Material Optimization (DMO), in which the orientations
are chosen from a predefined finite set of possibilities, defining different materials that can be used. It
is useful for composite laminates for example, but it is not suitable for 3D printing as it does not ensure
fiber continuity. On the other side of the spectrum, Free Material Optimization (FMO) treats the stiffness
tensor components as design variables, increasing the freedom in the design, although sometimes leading
to infeasible material properties.

In Continuous Fiber Angle Optimization (CFAO), an orientation is assigned for each element, a
methodology that is appropriate in the in the context of the Fused Filament Fabrication (FFF) [4, 5]
and that can be easily integrated to the SIMP method, adjusted to yield continuous orientations over the
domain. However, this approach may present local minima due to the periodicity of the angle, that can
be avoided by using the correct representation of the orientations with the design variables.

2.3 SIMP extended with CFAO

The SIMP method can then be extended with CFAO as (3), creating a modified 2D problem where
both sets of variables are simultaneously optimized [6]. As a non-convexity may arise from the perio-
dicity of the angle variable, another possible approach is to define the orientation using the Cartesian
components of the orientation vector [7].
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In both formulations, a filter is necessary to regularize the orientations and create a smoothly varying
field that can be more easily converted to a printable structure. There is a wider range of choices for
this filter, which is independent of the filter applied to the densities. Within each iteration, it can be
applied on the sensitivities [8], on the material tensor [9], on the angles [10], or on the angles Cartesian
projections [11]. Furthermore, the type of filter can also vary, such as using a Gaussian filter instead of
the convolution filter with weights decaying linearly [8]. Even though the method is fairly consolidated
for 2D optimizations, there are multiple possibilities to extend the problem to 3D, with varying levels of
computational cost, manufacturing easiness, and design space freedom :

— Choose a printing direction and divide the domain in layers [6]

— Define allowable printing planes to make components that can be later assembled [11]

— Optimise geometric primitives (plates, bars) as discrete components [12, 13]

— Introduce design variables to define free 3D fiber orientations by spherical coordinates [10]

Additionally, the formulation can be easily adapted to solve different problems, such as mass mini-
mization or optimization with stress constraints [14].

3 Numerical framework

3.1 Implementation

The algorithm was implemented in Python, using the Method of Moving Asymptotes (MMA) [15] as
variable updating scheme and Ansys as finite element solver. The latter allows a straightforward mesh and
boundary conditions creation, which can be time-consuming to perform by hand for complex geometries.



The global stiffness matrix assemblage step is then abstracted, but the algorithm is still dependent on
the construction of elemental stiffness matrices kg to calculate sensitivities. For 2D optimizations, the
implementation assumes a 4-node quadrilateral element (Ansys element type PLANE182) and for 3D
optimizations, an 8-node brick element (SOLID185).

The problem formulation is the same as (3), with the assumption of 2D or 3D optimization lying on
the definition of kg. This corresponds to choosing the z axis as printing direction, with fibers oriented
inside the plane xy. Densities were filtered using the convolution filter (2) and a similar convolution
filter (4) was applied at each iteration for orientation smoothing, adjusted to reduce the weight of void
elements, where the desired minimum fiber curvature, controlled by rg, is independent from r,.
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Due to the non-convexity of this optimization problem and the presence of many local minima, the
results are strongly dependent on the initial orientations. One possible workaround is to choose random
initial orientations for each element, which should be a good approximation for the global minimum
when the optimal initial orientation is not known [10]. Additionally, the continuation method in [16] was
applied on the penalization factor p. Instead of having a fixed value throughout the whole optimization,
it starts at p = 1 and is increased each time a convergence in compliance is achieved. The stopping
criterion for the continuation is the greyness level of the design, i.e., when the proportion of elements

that are neither void nor filled is below a certain level.

3.2 Material modeling

The materials were modeled as transverse isotropic, suitable for matrices reinforced by unidirectional
fibers. The fibers were considered to be aligned with the local x axis, which can be characterised by five
independent elastic constants : longitudinal and transverse Young’s moduli, in-plane and out-of-plane
Poisson’s ratios, and in-plane shear modulus, which were calculated from fiber and resin properties using
the rule of mixtures. The final material orientation within an element is obtained by a rotation 0, around
the z axis, represented by the rotation matrix Ty in (5).
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3.3 Sensitivity analysis

As the MMA is gradient-based, it is necessary to calculate sensitivities of the objective function
with respect to the design variables in (6). The value of kg is not explicitly calculated, since a can be

obtained from the elemental strain energy p? ul kq(0,)u gathered from Ansys results. However, aa%

is not directly accessible in Ansys and has to be integrated from the element strain-displacement matrix
B. and the material constitutive matrix C using (7). The integrals were evaluated with 2-point Gaussian
quadrature, which is exact for the chosen element formulations (linear in each natural coordinate).
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3.4 CO; footprint assessment

In this work, the environmental impact of the structure is measured in terms of the mass of CO, emit-
ted during material production CO3 e and during its use in a long distance aircraft CO> 4, following



the methodology from [1], adapted to composite materials. The value used to compare different designs
is the total footprint CO3 oy = CO2 ymar + CO2 yse.

The impact of the material production depends on the total mass M and the CO; intensity of the
material Coé,mut (mass of CO, emitted per mass of material). Its expression is given by (8), where py
is the fiber density, C 057 1 1s the fiber CO; intensity, p, is the matrix density, C Oém is the matrix CO;
intensity, and Vy is the fiber volume fraction in the composite material.
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The impact of the use phase is calculated as the emissions that would be saved if the component was

lighter. Reducing the mass by 1 kg in a long distance aircraft leads to a reduction of 98.8 tCO; during its
lifetime [1], i.e., COy y5e = M - 98.8 tCO, /kg.

4 Results and discussion

The reference problem is a half Messerschmitt-Bélkow—Blohm (MBB) beam, with boundary condi-
tions shown in Fig. 1. The optimization was performed in a 168 mm x 80 mm X 8 mm half beam,
divided in elements with side length equal to 4 mm and subject to a vertical force F = 1 kN.
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FIGURE 1 — Half MBB beam problem.

4.1 Use of 3D elements

The first numerical experiment aims to validate the extension of the problem formulation from two
to three dimensions, by verifying the equivalence between the results using 2D and 3D elements. For
both meshes, the problem was solved for f = 0.3, r, = 8 mm, rg = 20 mm, and initial orientation of
—30°. As the filter radii are greater than the domain thickness, all layers (in z direction) of the 3D design
are forced to be similar, which should result in a final geometry equivalent to the 2D case. The material
used is cellulose reinforced with 0.5 volume fraction of bamboo fiber, E, = 10.37 GPa, E, = 5.48 GPa,
Vi = 0.1975, and G,, = 2.1 GPa.

For this analysis, p was set to 3 (without continuation) and the algorithm was run for 100 iterations,
shown in Figure 2. The 2D model reached a compliance of 2736 N.mm, while the 3D reached 2760
N.mm, with a relative difference of 0.9%. Final topologies and fiber configurations are qualitatively
almost identical and the compliance histories are similar during the optimization, indicating the good
agreement between both formulations.

By using 3D elements, it is possible to capture the out-of-plane Poisson effect, leading to slightly
different orientations only in the constrained regions. When the filters allow more independence between
the layers, the 3D optimization provides more freedom on the spatial material distribution, potentially
resulting in more efficient structures. The main drawback is the higher computation time due to the
increased number of design variables and degrees of freedom in the finite element model. In this example,
the total optimization times were 717 seconds (for 2D) and 1040 seconds (for 3D), representing a 45.0%
increase.
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FIGURE 2 — Compliance history and final designs : 2D optimization (top) and bottom layer of the 3D
optimization (bottom). The main difference is in the orientations near the force application point.

4.2 Material optimization

A material optimization was performed on the same MBB beam, using 3D elements with side length
of 4 mm. For all run cases, the filter parameters were set as rp, = 8 mm and rg = 20 mm. Initial angles
were randomly chosen for each element and the continuation method on the penalization was applied. All
possible combinations of fibers and resins in Table 1, with fiber volume fraction of 0.5, were optimised
for f =0.3.

TABLE 1 — Properties of available materials.

. p E CO!
Material kgm’) | @GP | ¥ | (ke COg)
Bamboo 700 17.5 | 0.04 1.0565
Flax 1470 53.5 | 0.355 0.44
Hemp 1490 62.5 | 0.275 1.6
Fibers | Carbon High Modulus | 2105 760 | 0.105 68.1
Carbon Low Modulus 1820 242.5 | 0.105 20.3
S-Glass 2495 89.5 | 0.22 2.905
E-Glass 2575 78.5 | 0.22 2.45
Cellulose 990 3.25 | 0.355 3.8
PLA 1290 5.19 | 0.39 2.115
Resins PETG (abs) 1270 2.06 | 0.403 4.375
Epoxy 1255 241 | 0399 5.94
Polyester 1385 4.55 | 0.35 4.5

Figure 3 shows the compliance and CO, footprint for each material configuration. For this aeronau-
tical use case, the values of CO, . are orders of magnitude greater than CO3 4, in such a way that
minimizing the footprint is essentially equivalent to minimizing the mass. Natural fibers are then great
options because of their lower densities, with flax and hemp structures reaching compliance values simi-
lar to glass but with lower CO, emission and mass. Regarding the resins, cellulose stands out for reducing
the CO; footprint with little to no compliance cost.
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FIGURE 3 — Compliance versus CO; footprint of the optimal designs. Each point represents a fiber/resin
optimization, colored by fiber.

4.3 Structural versus non structural parts in aeronautics

To verify the gains in mass and CO; footprint that the natural fibers can provide, they were compa-
red to standard composites in two use cases, structural and nonstructural components. For main struc-
tural components, where stiffness is an important requirement, carbon fiber is typically used. A HM
carbon/epoxy and a hemp/cellulose design (with 0.5 fiber volume fraction) were optimized to achieve a
compliance of 500 N.mm by varying f. For the aeronautical domain, given that the environmental impact
is strongly dependent on the mass, Table 2 shows that the increase in material required to compensate the
reduction in stiffness leads to a 170.9% greater footprint when using hemp fibers compared to the carbon
fibers. However, in a static use case where the material production has the most impact, the hemp fiber
structure could give the same compliance with 93.8% less CO, emission.
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FIGURE 4 - Final designs with target compliance of 500 N.mm : HM carbon/epoxy (left) and
hemp/cellulose (right).

TABLE 2 — Structures optimised for a target compliance of 500 N.mm.

Fiber Resin ¥ Compliance | M CO2 101 CO2 nar
Nmm) | (@ | kgCOy) | (kg COy)
HM Carbon | Epoxy | 0.116 503 20.9 2060 2.25
Hemp Cellulose | 0.425 503 56.6 5581 0.14

For non structural parts, where providing stiffness is not the main function, e.g. aircraft interior, fiber-



glass is a typical choice. A bamboo/cellulose design was considered as substitute to minimize footprint
for fixed f. Results for f = 0.3 are shown in Fig. 5 and Table 3, bamboo presents a reduction in mass and
CO; emission by a factor of 2.4 but with 3.7 times more compliance, which might be acceptable when
loading is not critical.
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FIGURE 5 — Final designs optimised at f = 0.3 : S-glass/polyester (left) and bamboo/cellulose (right).

TABLE 3 — Structures optimised for minimum footprint at f = 0.3.

. . Compliance | M CO3 10t
Fiber Resin ’
(N.mm) (g) | (kgCOy)
S-glass | Polyester 574 65.2 6160
Bamboo | Cellulose 2136 27.2 2682

5 Conclusions

The 3D CFAO code is still in progress. It has been validated on 2D thin structures. The code to
reproduce the analysis and optimizations is available at https://github.com/mid2SUPAERO/SOMP_
Ansys/tree/csma.

When optimising for mass and CO, footprint, bio-sourced materials present preliminary advan-
tages against traditional aeronautical composites, especially for non structural components, where bam-
boo/cellulose can replace fiberglass. For structural components, the substitution from carbon fiber to
hemp fiber involves finding a compromise between compliance and environmental impact. A next step
is printing the obtained structures to experimentally verify the results.
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